The bacteriophage P22 late operon contains 2 genes whose products are required for cell lysis and 13 genes whose products are involved in the morphogenesis of the phage particle. This operon is under the positive control of the phage gene 23 product and is thought to have a single promoter. The expression of one of these late genes, the scaffolding protein gene, is autogenously modulated independently from the remainder of the late genes. When unassembled, scaffolding protein turns down the rate of synthesis of additional scaffolding protein, and when it is assembled into phage precursor structures, it does not. Experiments presented here show (i) that the mRNA from the scaffolding protein gene is functionally threefold more stable when most of the scaffolding protein is assembled than when it is unassembled and (ii) that no new promoter near the scaffolding protein gene is activated at the high level of synthesis. These data support the model that this autogenous modulation occurs at a posttranscriptional level. We also observed that another message, that of coat protein, appears to become increasingly stable with time after phage infection. (34, 36) . It therefore seemed reasonable that the negative autogenous regulation of the scaffolding protein gene might be mediated at some step after mRNA synthesis.
The pathway of bacteriophage P22 head assembly has been studied extensively and is quite well understood (reviewed in references 7 420 molecules of the coat protein and several minor proteins to form proheads, the precursor particles into which DNA is packaged. During the complex DNA packaging reaction, all of the scaffolding protein molecules leave the structure and can reassemble with newly synthesized coat protein and minor proteins to form new proheads.
We have shown elsewhere that expression of the phage P22 scaffolding protein gene (gene 8) is autogenously regulated (5, 37) . Although the scaffolding protein gene occupies an internal position in the late operon of the phage, unassembled scaffolding protein can specifically depress expression of the scaffolding protein gene. When this scaffolding protein is assembled into phage precursor structures, it cannot exercise this regulatory function. Thus, the rate of scaffolding protein synthesis is controlled by its state of assembly (5, 15) . The P22 late region is transcribed as a single, large polycistronic message (34, 36) . It therefore seemed reasonable that the negative autogenous regulation of the scaffolding protein gene might be mediated at some step after mRNA synthesis.
In the experiments here, we have measured the in vivo functional half-lives of the mRNA from each of several P22 late genes and have found that the autogenous regulation of the scaffolding protein can be explained in terms of selective mRNA inactivation.
MATERIALS AND METHODS
Phage and bacterial strains. The nonsuppressing (supo) bacterial host used was DB7000 (22) . The nonsense alleles carried by the phages used were those described by Botstein et al. (3) . All of the strains used in these studies carried the 13-amH101 and cl-7 mutations to block lysis and ensure lytic growth, respectively.
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Preparation and analysis of rifampin-treated infected-cell extracts. Strain DB7000 was grown to 2 x 108 cells per ml in M-9 minimal medium (3) at 30°C and infected with the phage at a multiplicity of infection of 7. After late protein synthesis had begun (at 44 min after infection unless otherwise indicated), rifampin (Calbiochem-Behring) was added to a final concentration of 500 ,ug/ml (from a methanol solution of 50 mg of rifampin per ml; control experiments showed that the addition of this amount of methanol alone did not affect phage-directed protein synthesis). Samples (0.5 ml) were withdrawn at 30-s intervals and labeled for 1 min with
[35S]methionine (Amersham Corp.) at 40 ,uCi/ml. Labeling was stopped by diluting a sample directly into 3 volumes of hot (95°C) sodium dodecyl sulfate (SDS) sample buffer (20) and immediately boiling for 1 min. Proteins were separated by SDS-polyacrylamide slab gel electrophoresis, visualized by autoradiography, and quantitated by microdensitometry as previously described (15) .
RESULTS
Because of the ill-defined relationship between chemical and functional decay of mRNAs (6, 21, 38) and since any control mechanism that acts at the level of mRNA stability must necessarily affect the functional decay, we chose to study only the latter aspect of the P22 late mRNA decay. Rifampin has often been used to block the initiation of mRNA synthesis in vivo, so that the decay of previously synthesized mRNAs can be followed. The in vivo functional stability for individual mRNAs can be measured by determining the decay of the rate at which specific proteins encoded by the RNAs are made at various times after RNA synthesis is stopped by rifampin addition (24, 28) .
To determine the functional half-lives of the mRNAs for P22 late proteins, cells were infected with phage P22 and pulse-labeled with [35S]methionine at various times after the addition of rifampin, as described above. Each of the labeled samples was analyzed by SDS-polyacrylamide gel electrophoresis. An autoradiogram of one such experiment is shown in Fig. 1 . The intensity of each protein band represents its rate of synthesis at the time of labeling. The intensity of each of the phage-specific bands visible in the autoradiogram was quantitated by microdensitometry, and the relative amounts of label in each of the individual bands were plotted as functions of time after rifampin addition. Although host protein synthesis can be suppressed by UV light irradiation before P22 infection (3), the experiments were performed in unirradiated cells to avoid potential disruption of RNA metabolism and the low absolute level of phage-directed protein synthesis in irradiated cells (3, 12) . We were able to quantitate 6 (gpl, gp5, gp8, gp9, gpl6, and gp2O; gpX refers to the protein product of gene X where X is any gene of P22) of the 15 late gene proteins; the others are masked by host proteins in the gel autoradiographs. The functional decay curves for transcripts corresponding to genes 1, 5, 8, 9, 16, and 20 in P22 wild-type-, 5--, and 2--infected cells (3-infections show decay curves identical to 2-infections) are shown in Fig. 2 through 7 , respectively. These genes all encode proteins required for P22 particle assembly, and all lie in the P22 late operon.
All of the curves in Fig. 2 through 7 have the same general shape, with a lag period followed by exponential decay. The duration of the lag presumably represents the time it took RNA polymerase to transcribe the region between the late promoter and the gene in question, since rifampin inhibits the initiation of new RNA chains but not the elongation of previously initiated chains (24) . If the rate of transcription is uniform, then the lag time should accurately reflect the physical distance from the late promoter to the gene in question. The individual lag times plotted against the distances of the genes from the late promoter for three different phage infections (wild-type, 2-, and 5-) are shown in Fig. 8 . The lag time increased approximately linearly with the distance from the late promoter. The slope in Fig. 8 indicates that RNA polymerase transcribed the late operon at a rate of ca. 50 nucleotides per s. This value is in reasonable agreement with the 55 and 25 nucleotides per s previously determined for Escherichia coli RNA polymerase (4, 27) . The linear increase in lag time with distance from the late promoter strongly reinforces the idea that there is only a single late promoter on the P22 chromosome. The lag times were invariant with respect to the genotype of the infecting phage to within the limits of experimental error, indicating that no new promoters were activated in the late operon under any of these conditions. It is therefore unlikely that the autogenous modulation of the scaffolding protein gene, 8, was mediated through the activation of a new scaffolding protein gene-specific promoter near gene 8. If this were true, the 2-infection (which synthesizes three- to sixfold as much scaffolding protein as wild-type or 5-infections [15] ) should have had a significantly shorter lag time.
The exponential decay portions of the different curves Fig. 2 through 7 were also quite similar. In only one case was the half-life significantly affected by mutation. The scaffolding protein transcript was about threefold less stable in 5--infected cells than it was in 2--or 3--infected cells (Fig.  6 ). Wild-type P22-infected cells showed a half-life for the gene 8 mRNA intermediate between that found in 5--and 2-or 3--infected cells (data not shown). Half-lives determined from the exponential portions of the curves in Fig. 2 through 7 are given in Table 1 .
A curious feature of these results is that the functional half-life of the coat protein transcript increased with time after infection, whereas the functional half-lives of the other late gene transcripts remained constant. At 20 min after infection, the functional half-life of the gene 5 message was 1.5 to 2.0 min, and this increased to: to 7 min by 60 min after infection (Fig. 9 ). This is reflected by a break in the slope of the exponential portion of the curve shown in Fig. 7 . If the gene 5 mRNA increased in functional stability with time after infection, then the coat protein should have been made at higher rate, relative to the other late proteins, at late times after infection. To test this prediction, we performed a detailed time course of the rates of phage late protein synthesis (in a 2-infection) by pulse-labeling infected cells for 1 min with [35S]methionine as described above (in the absence of rifampin) and quantitating the amounts of the various phage-specific proteins synthesized during the pulses in SDS-polyacrylamide gels. The rates of synthesis of several of the late proteins (gpl, gp8, and gp20) relative to gp5 are shown in Fig. 10 . The rate of coat protein synthesis did in fact increase by a factor of 2 to 3 relative to the rate of synthesis of gpl or gp2O between 35 and 65 min after infection. Since the level of gp8 is dependent upon the amount of gp5 available (5, 15) , its rate of synthesis is expected to parallel that of gp5.
DISCUSSION
Systemic regulation of expression of the P22 late operon genes. The positive regulation of the late operon by gp23 is thought to occur by antitermination of a small leader transcript which is constitutively made from the late promoter (16, 26, 34) . After antitermination by gp23, RNA polymerase apparently makes a single, polycistronic transcript of the entire late operon. The data presented in Fig. 8 [23] ). Yet, there is at least a 28-fold variation in the level of expression of the different P22 late genes (Table 1 ). This systemic regulation of expression must be mediated at a posttranscriptional level. It is intriguing that the phage morphogenetic gene products are generally made in approximately the ratios found in the phage particles. Regulation of the relative concentrations of these proteins in infected cells (24, 25, 30) .
Although it has been found that phage mRNAs are in general more chemically stable than bulk mRNA in uninfected bacteria, they are in most cases as functionally unstable as host mRNAs (9, 24, 25, 35, 38) . Our results extend this to the P22 late operon. Measurements of the functional half-life of bulk enterobacterial mRNA range from 1.1 to 3.5 min (1, 10, 17) , similar to the rates of inactivation of the P22 late operon transcripts. Since it takes an RNA polymerase 7 to 10 min to transcribe the late operon and the half-lives of at least four of the late gene transcripts are less than 2.6 min, it is unlikely that an appreciable amount of full-length late operon message is ever present in the infected cell.
Because the decay of the individual P22 late gene transcripts is exponential, it is likely that functional inactivation is the result of a random event in time (33) . Such an event has been proposed to be endonucleolytic attack for certain bacterial mRNAs (2, 13, 14) . It has also been proposed that decay results from exonucleolytic attack beginning at or near the 5' (31) or the 3' end (8) of an mRNA molecule. The fact that the functional transcript of a promoter-distal P22 late gene may decay more rapidly than that of a more proximal gene (e.g., genes 16 and 20 mRNAs decay faster than those of genes 5 and 8 at late times in a 2-infection) indicates that some specific or preferred internal inactivating events may occur.
We also see a general trend for the largest gene transcripts to decay more rapidly than those of the smaller genes (Table  1) . However, since the relationship is not linear (e.g., genes 5 and 20), inactivation events probably do not occur at random sites on the messengers. Similar conclusions have been drawn for the phage lambda late region by Ray and Pearson (24) . Since it is thought that free ribosomes can load at many internal sites on procaryotic polycistronic messengers (16, 18) , we favor a model in which the transcript of each gene is inactivated independently by events whose probability in time varies from gene to gene.
Posttranscriptional control of scaffolding protein gene expression. In previous studies we have shown that the P22 scaffolding protein itself modulates the rate at which additional scaffolding protein is made (5, 37 scaffolding protein gene transcript is about threefold greater in 2--or 3--infected cells than in 5--infected cells. These data also show that the lag time before exponential decay for the gene (11, 19, 28, 35 (3, 22) . Thus, an excess of these proteins early after initiation of late protein synthesis could ensure that they will not be bypassed in the normal phage assembly process; making coat protein at a slower initial rate might contribute toward this end. 
